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Periodically poled stoichiometric lithium
tantalate
A B S T R A C T
We report on violet-light generation using the femtosecond-laser written waveguides in periodically poled
MgO:LiTaO3 crystal under conditions of third-order quasi-phase matching. Ten parallel depressed cladding
waveguides are successfully fabricated with different grating periods in the same sample with fan-out χ(2)
grating structures. These waveguides exhibit high optical quality with minimum insertion loss as low as 0.71 dB.
Temperature and wavelength tuned second harmonic generation for different waveguides are demonstrated by
using a tunable CW Ti sappire laser. Tunable violet second harmonic light has been generated with a single
period over the range of 396 nm to 401 nm by varying the crystal temperature from 60 °C to 200 °C. At the quasi-
phase matching temperature, 0.37 mW of violet light power at 397.2 nm is generated for a fundamental power of
336.7 mW, corresponding to a normalized conversion efficiency of 0.39%/(W·cm2). Our work contributes to
designing tunable and efficient on-chip violet light sources based on femtosecond-laser written waveguides.
Introduction
Compact and stable violet laser sources have attracted much at-
tention due to their various applications including optical commu-
nication [1], ultrafast spectroscopy [2], high-density optical data sto-
rage [3] and quantum optics [4]. In recent research, especially, a
397 nm ultraviolet laser is in great demand to generate polarization
squeezed and entangled states in the field of quantum information
networks [5]. Second harmonic generation (SHG) of near-infrared laser
by means of quasi-phase matched (QPM) is one of the most prominent
approaches to access efficient violet spectral radiation because it has
significant advantages in accessing the higher nonlinear coefficients d33
and permitting phase matching at any wavelength within the trans-
parency range of the nonlinear crystal by using an dispersion de-
termined domain-inverted period [6–9]. In general, the domain-in-
verted grating is fixed at a single period, restricting some tunable
wavelength applications over a broad spectral range. Therefore, the
design of fan-structured domain-inverted grating pattern is desired for
permitting seamlessly varying poling period [10–12]. Recently, peri-
odically poled ferroelectrics, e.g., periodically poled LiNbO3 (PPLN),
KTiOPO4 (PPKTP) and LiTaO3 (PPLT) have been widely exploited for
QPM interactions. However the violet spectral region is at the trans-
mission cut-off wavelength of LN and poling LN so that SHG in the
violet spectral range requires a lifted temperature [13]. Besides, PPKTP
is suffering severe absorption and disadvantage of grey tracking effect
in violet spectral range [14]. In contrast, periodically poled MgO doped
stoichiometric lithium tantalate (PPMgSLT) crystal is an attractive
choice for violet SHG owing to its broad transparency range
(0.28–5.5 μm), relatively high effective nonlinear coefficient
(d33≈13 pm/V) and high optical damage threshold.[15–17] Never-
theless, violet light generation using the QPM approach has been
challenging, due to the facts that the dispersion increases rapidly at the
violet wavelength. The short χ(2) grating for the 1st QPM is also difficult
to fabricated over a long interaction length for thick crystals [18,19].
To overcome this limitations, high-order QPM interaction and Type-II
QPM SHG are proposed to obtain the violet-wavelength output which
require the longer domain-inverted grating period. An apparent draw-
back of Type-II QPM is that one can’t employ the highest nonlinear
coefficient d33, instead, using a smaller nonlinear component d24 in KTP
[20]. The higher-order QPM SHG could be employed to increase the
https://doi.org/10.1016/j.rinp.2020.103373
Received 4 May 2020; Received in revised form 26 August 2020; Accepted 28 August 2020
⁎ Corresponding author.
E-mail address: leiwangsdu@sdu.edu.cn (L. Wang).
Results in Physics 19 (2020) 103373
Available online 02 September 2020
2211-3797/ © 2020 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
T
grating period, making it easier to realize homogeneous poling
throughout large crystal volume, but at the expense of the limited
conversion efficiency and a resulted small deff [21,22].
Optical waveguides confine the light in the manner of waveguide
modes with micrometric or sub-micrometric scales, which can elim-
inate the diffraction and walk-off effect during the light propagation.
Higher optical intra-cavity intensities could be generated compared to
the bulk setup of the same materials [23]. Thereby, a QPM-SHG device
based on waveguide structure is preferred for realization higher con-
version efficiency as a result of a long interaction length and a large
spatial mode overlapping at the higher light intensity [24–26]. Optical
waveguide in LT crystal is normally fabricated by annealed proton
exchange, suffering the disadvantages of geometry close to surface and
degraded nonlinear properties [27,28]. Most recently, femtosecond
laser direct writing has become a powerful and unique technique to
fabricate three-dimensional guiding structures in various crystals,
showing the superiority of flexible patterning, negligible effect of
thermal-diffusion, and capability for maskless 3D processing [29–33].
Tight focused femtosecond laser pulses could modify the optical prop-
erties in the focal volume though nonlinear processes such as tuning
ionization, multiphoton absorption and avalanche ionization. Hence,
permanent and stable refractive-index modification may be created,
which could be used for waveguide fabrication [34–36]. This technique
has the potential to fabricate high quality waveguides to realize effi-
cient SHG. Particularly, the geometry of cladding waveguides is more
favorable due to the undamaged circular waveguide core surrounded by
many low-index laser-written tracks, permitting access to efficient fre-
quency conversion by preserving the large nonlinear coefficient of bulk
[37–39]. Up to now, several groups have demonstrated femtosecond
laser-written waveguides for efficient frequency doubling in LN [40],
PPLN [41], KTP [42], PPKTP [43] and BiB3O6 (BIBO) [44] crystals in
different waveguide configurations, including our previous work about
the efficient QPM SHG in PPLT crystal. However, these work mainly
focus on the SHG at the blue and green spectral region. In the violet
spectral radiation, Y. Jia et al have reported the SHG of violet light in
femtosecond-laser-inscribed BIBO cladding waveguides using the
birefringent phase matching [45]. S. Campbell et al have investigated
the violet light generation using a femtosecond laser-written Type I
waveguides in PPKTP crystal under the condition of third-order QPM
[46]. Nevertheless, the SHG conversion efficiency of this work is limited
to 0.02%W−1 due to the waveguide region disrupt the periodically-
inverted domain structure and the high propagation loss. In addition, in
organic crystal, Almeida et al have reported SHG at 377 nm in femto-
second laser inscribed cladding waveguide, which supports multimode
guidance [47]. A high quality waveguide preserved the nonlinear
properties of original bulk material is still absent. And there has been no
investigation of the violet light generation in femtosecond laser-written
waveguides in PPLT crystal.
In this work, we demonstrate the violet light generation in the
cladding waveguides fabricated by femtosecond laser direct writing in
PPMgSLT crystal. Ten depressed cladding waveguides separated by
100 μm with high optical quality are inscribed at the fan-out sample,
corresponding to different grating periods which satisfied the 3rd QPM.
We investigate the wavelength dependence of the critical phase mat-
ched temperature at each waveguides. The violet laser is tunable from
394.5 nm to 404.5 nm by varying the crystal temperature from 60 °C to
200 °C. A comparable normalized conversion efficiency of 0.39%/
(W·cm2) is obtained for 8.94 µm period.
Experiments in details
The z-cut fan-out MgO (1 mol%) doped PPSLT crystal used in this
work is cut into the dimensions of 0.5 (z) × 11 (x) × 7 (y) mm3. A fan
out χ(2) grating structure is across the width of the crystal with spatially
varying grating period from 8.8 μm to 9.7 μm. To fabricate cladding
waveguides, an amplified Ti:Sapphire laser system (Spitfire, Spectra
Physics) is used as the laser source, generating linear polarized laser
pulses at a central wavelength of 800 nm with temporal duration of
120 fs (1 kHz repetition rate/1 mJ maximum pulse energy). A cali-
brated neutral density filter and a half-wave plate is used to control the
irradiate pulse energy. The sample is placed in a PC-controlled 3D
motorized stage with a spatial resolution of 100 nm. Several tests at
Fig. 1. The fabrication of cladding waveguides by
femtosecond laser direct writing in fan-out PPMgSLT
crystal. (a) The schematic plot of the a waveguide-
type QPM SHG device based on a fan-out domain-
inverted structure with grating period seamlessly
vary from 8.8 to 9.7 µm. Inset picture is a larger
microscope image of the circular waveguides with
diameter of 30 µm. (b) Optical microscope cross-
sectional image of waveguides No. 1 to No. 10 se-
parated by 100 µm, corresponding to 8.82 to
9.00 µm.
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different pulse energies and scanning speed is performed to find the
optimum fabrication parameters. The final irradiation condition is a
pulse energy of 0.22 µJ with a scanning speed of 500 µm/s to avoid the
formation of multi-foci which is induced by self-focusing of the light,
thus create a onefold track with large enough refractive-index mod-
ification. Fig. 1(a) shows the schematic illustration of waveguide fab-
rication process by femtosecond laser. During the writing process, the
laser beam is focus below the sample surface (11 × 7 mm2) utilizing
40× microscope objective (N.A. = 0.65). The sample is moving along
the x-axis, forming the desired damage track. 28 parallel elliptical
tracks at different depths of the sample are performed to inscribe the
circular cladding waveguide structure with a diameter of 30 μm. Ten
individual waveguides are successfully fabricated in the same substrate
separated by 100 µm.
After the femtosecond laser writing, the two end-faces of the crystal
is polished for characterizing the propagation properties of the wave-
guides. The cross-sectional microscope images of the cladding wave-
guides is taken by using an optical microscope (Axio Imager, Carl Zeiss)
operating in transmission mode. A typical end-face coupling system is
arranged to collect the near-field mode profiles. The insertion loss is
estimated by direct measuring the input power and output power of the
transmitted laser beam.
To experimentally generate the SH light from QPM, a continuous-
wave (CW) tunable Ti:Sapphire laser (Coherent MBR 110) is employed
as the fundamental frequency light source. The schematic of the ex-
periment set up is depicted in Fig. 2(a). A half-wave plate is inserted to
calibrate the laser polarization along TM polarization to realize max-
imum nonlinear coefficient, d33. The polarized laser beam is coupled
into the waveguide by convex lens with focal length of f = 25 mm. The
frequency doubling light emitted from the output end face is captured
by a microscope objective lens (N.A. = 0.4). Afterwards, the generated
SH light is separated from fundamental frequency light by using an
optical low pass filter (OLPF). The model profile and power of the
output light are monitored with a CCD camera and a power meter. The
emission spectra of waveguide laser was analyzed by a calibrated
spectrometer (Zolix, SGM100 Spectrograph) with resolution of
0.01 nm. During the characterization, the sample is placed inside oven
(Thorlabs, PV10) to realize the temperature tuning QPM, in which the
operation temperature can be varied up to 200 °C with an accuracy of
0.1 °C.
Theory and waveguide properties
As schematically shown in Fig. 1(a). These waveguides separated by
100 µm situate perpendicularly along the periodically poled structure at
different position. Fig. 1(b) shows the optical transmission microscopy
image of the cross section of the PPMgSLT cladding waveguides Nos.
1–10, corresponding to the different periods of 8.82, 8.84, 8.86, 8.88,
8.90, 8.92, 8.94, 8.96, 8.98, 9.00 µm with a step of 0.02 µm, respec-
tively. As shown in the inset image of Fig. 1(a), the waveguide exhibits
a nearly perfect circular geometry with 28 elliptical laser-written
tracks. All the waveguides process the same diameter of 30 µm under
the same fabrication process, implying our methods have the efficient
reproducibility. The insertion loss of ten waveguides are performed at
1064 nm by taking the Fresnel reflection loss into account, which is
present in Table 1. Apparently, all the insertion loss are less than 1.5 dB,
including the propagation loss and the coupling loss between the
launched focus spot and the waveguide mode profile.
Fig. 2. (a) Schematic diagram of experimental set up for SHG cladding waveguides using a cw tunable Ti:sapphire laser. (b) Experimental phase-matched funda-
mental wavelength as a function of the PPMgLT crystal temperature for ten waveguides with different grating periods ranging from 8.82 to 9.00 µm, in increments of
0.02 µm. (c) Series of spectral profile for the fundamental wavelength at different crystal temperature at waveguide No. 10 (grating period of 9.00 µm). (d)
Corresponding series of the SH wavelength measured at their QPM wavelength of different temperature.
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The grating period required for first-order QPM condition is
~2.87 µm at 60 °C around 795 nm in PPLT crystal. At present, such a
small period is quiet difficult to achieve, especially with a thickness of
500 µm in a typical bulk poled material [48]. Thus, the adopted poling
period used to QPM in PPLT crystal is under the third-order QPM
condition. The grating periods of ten waveguides used in our work
provide QPM SHG for any fundamental wavelength from 793 to 805 nm
at PPSLT crystal by varying temperature between 20 and 200 °C.
The 3rd QPM of PPSLT can be described as the following equation
[49],
=n T n T
T
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where n1 and n2 represent the extraordinary refractive indices (ne) of
fundamental and SH waves which are related to the wavelength and
temperature, λ1 and λ2 are the wavelength of the fundamental and SH
waves, ᴧ is the poling period. Since a single waveguide usually corre-

















This equation implies that the PM wavelength versus the tempera-
ture is determined by the difference between the derivatives of the
indices of the fundamental and SH waves with respect to temperature.
Since the index grows with temperature more quickly under the shorter
wavelength region, the numerator of right-hand side is always greater
than zero for a medium with normal dispersion. The ne of MgSLT de-
crease with lambda. So the derivative of n2 with respect to λ is minus
and smaller than that of n1. As a result, the denominator of the right
hand side is always positive too. Therefore, the PM lambda grows with
the temperature.
Considering a fixed PM lambda, we take the derivatives of both













Since the value of the right hand side is minus, the poling period
will always decreases when we elevate the PM temperature.
For a fixed temperature, the relation between the poling period and


















MgSLT has a normal dispersion from the violet to near infrared
waveband and the refractive index decrease with the lambda. The de-
rivative of n2 with respect to λ is minus and smaller than that of n1 so
that the numerator of the right hand side is positive. Therefore, the
poling period always grows with lambda.
Results and discussion
To illustrate the spectral tuning capability, we experientially in-
vestigate the dependence of phase-matched fundamental wavelength
on the critical operating temperature at ten cladding waveguides, cor-
responding to different poling grating, which is illustrated in Fig. 2(b).
As we can see, the phase-matched wavelength moves towards longer
wavelength when the device temperature increases. Moreover, the
cladding waveguides with different poling periods permit different
tunable wavelength range. Fig. 2(c) depicts a series of spectra of fun-
damental wavelength of the waveguide No. 10 with poling period of
9.00 µm, the corresponding SHG spectra is shown in the Fig. 2(d). It is
clear that the violet light is tunable from 396 to 400.8 nm by changing
the laser wavelength and adjusting the PPSLT sample temperature for
QPM from 60 to 200 °C, while using the fixed waveguide period. As a
result, the phase-marched SH wavelength could be tuned with tem-
perature at a tuning slope of 0.067 nm/K experimentally. Using the
Sellmier equation in H. H. Lim’s work [50], we obtained a temperature
tuning of 0.0357 nm/K theoretically for poling period of 9 µm around
fundamental wavelength of 800 nm. It is indicated that the temperature
tuning of the cladding waveguides are more sensitive compared to the
bulk MgSLT material, thus a more flexible PM wavelength tuning is
expected. The difference between the experimental and theoretic value
maybe due to the modal dispersion of the cladding waveguide struc-
ture, which is still opening for our further studies.
In order to characterize the SHG properties of waveguides in the
PPMgSLT crystal, we first investigate the temperature-dependent
phase-matching effects. We operate the fundamental wavelength at a
fixed value of 794.4 nm, and record the second harmonic (SH) power by
tuning the temperature. Fig. 3(a) illustrate the violet output power from
the waveguide No. 8 with grating period of 8.96 μm as a function of the
crystal temperature. It can be clearly seen that, the maximum SH power
reached at 118.5 °C, replying the optimal QPM temperature. Fig. 3(b)
and (c) depicts the near-filed mode profiles of SH wavelength of
397.2 nm and fundamental wavelength of 794.4 nm. Obviously, the
waveguide provide a good spatial confinement at both fundamental and
SH wave at a single mode manner, which is helpful for a better mode
lapping and thereby opens up the possibility of a higher conversion
efficiency.
We then study the dependence of the phase-matched temperature
on the domain-inverted grating period by measure the temperature
tuning curve of all ten of cladding waveguides with different poling
periods. The ten waveguides are designed and fabricated with the
grating periods ranging from 8.82 to 9.00 μm in a step of 0.02 μm. The
temperature tuning curves are investigated to obtain the QPM tem-
perature for each waveguides, which is shown in the Fig. 4(a). As can be
seen, each waveguide has their own optimal QPM condition, which
moves towards lower temperature when the grating period increases.
For better presentation, we plot the relation between the domain per-
iods versus phase-matched temperatures, which denoted in Fig. 4(b).
There is an average shift of 7.5 °C while varying the grating period per
0.02 μm of waveguides Nos. 1–10. The experimental relation between
them can also explained by the Eq. (1). Another point should be noted is
that the slope of line related to the cladding waveguides shown in
Fig. 4(b) is bigger than the bulks. Remembering that the cladding wa-
veguide possess a higher temperature tuning compared to the bulk
which means that difference between the two derivatives of the indices
is higher for the cladding waveguide, a larger slope corresponded to the
cladding waveguide in the figure is reasonable because the numerator
of the right hand side of Eq. (3) also includes the same difference be-
tween the two derivatives,
We have also investigated the effect of pump wavelength on the
SHG power at a fixed crystal temperature. Fig. 5(a) depicts the
Table 1






SH properties at 794.4 nm input




No.1 8.82 1.12 1.32 0.21 0.23
No.2 8.84 0.83 1.25 0.24 0.32
Mo.3 8.86 0.72 0.93 0.32 0.36
No.4 8.88 0.93 1.43 0.20 0.22
No.5 8.90 1.16 1.21 0.23 0.31
No.6 8.92 0.79 0.82 0.35 0.38
No.7 8.94 1.03 1.27 0.22 0.26
No.8 8.96 0.74 0.79 0.37 0.39
No.9 8.98 0.84 1.04 0.27 0.32
N0.10 9.00 0.71 1.17 0.22 0.31
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wavelength tuning curve by measuring the trace of SH power as a
function of the fundamental wavelength at a fixed temperature of
170 °C. The measurement is also performed with the waveguide No. 8
(grating period of 8.96 μm). It can be clearly seen that there is an op-
timum QPM wavelength of 798.4 nm. Under this QPM wavelength, the
fundamental and SH wave all demonstrate single-mode guiding, which
can be seen at Fig. 5(b) and (c).
To determine the relationship of phase-matched wavelength and the
period of domain inversion experimentally, we measure the wavelength
tuning of all of the ten waveguides suited at different grating period in
the PPMgSLT crystal, which is shown in the Fig. 6(a). Apparently, each
waveguides has their own optical QPM wavelength at the fixed crystal
temperature, which indicates that one can realize on-chip tunable laser
source by changing the position of the fundamental wave and also
achieve some multi-wavelength application. By mapping the phase-
matched fundamental wavelength as a function of grating period, we
obtained Fig. 6(b). As we can see, the phase-matched wavelength de-
pends linearly on the grating period and shifts towards longer wave-
length when increase the period. The fundamental wavelength change a
slope of 0.7 nm while versing the grating period per 0.02 μm of wa-
veguides Nos. 1–10. We have also plot the QPM wavelength of different
periods in bulk materials. Clearly, at the same grating period, the QPM
wavelength changed range is from 794.2 to 799.4 nm, which is larger
than that of bulk material.
In order to determine the QPM SHG conversion efficiency of the
PPMgSLT cladding waveguides, we performed measurements of the SH
output power versus the guided fundamental wave power about each
waveguides at their optimal QPM temperature at the fixed wavelength
of 794.4 nm. The maximum SH power and corresponding conversion
efficiencies of all of ten waveguides at different grating period are listed
in Table. 1. The result of the ten waveguides imply the homogeneity
and reproducibility of our fabrication method. One example is shown in
Fig. 7, which exhibits the 397.2 nm SH power and corresponding
conversion efficiency as a function of the incident 794.4 nm funda-
mental power. The generated violet light power varies a quadratic
growth of the fundamental pump power. No fluctuation of violet beam
pattern caused by photorefractive damage is observed under several
hours. The normalized conversion efficiency (W−1·cm−2) of the wa-















where PSHG is the SH output power, Ppump is the incident fundamental
wave power and L is the effective length of waveguide. deff is the ef-
fective nonlinear coefficient, for QPM doubling of order m it can be
given by [51]:
Fig. 3. (a). SH output power as a function of crystal
temperature with an optimal QPM temperature of
118.5 °C at a fixed incident wavelength of 794.4 nm
in waveguide No. 8 with grating period of 8.96 µm.
(b) The near-field mode-profiles of second harmonic
397.2 nm and (c) fundamental wavelength 794.4 nm
at the phase-matching temperature.
Fig. 4. (a) Normalized temperature tuning curves of all of ten waveguides with different grating periods, corresponding to different QPM temperature at a fixed
incident wavelength of 794.4 nm. (b) The calculated relationship of phase-matched temperature and the period of domain inversion of bulk material. The ten circles
denote the QPM temperature of ten waveguides.




mD d2 sin( )eff 33 (6)
where D is the duty cycle, as a result, the deff for third-order phase
matching is 2/3π of the effective nonlinear coefficient for perfect QPM.
As a result, the conversion efficiency for third-order QPM is expected a
nine fold reduction compared to the first-order QPM process. The deff of
MgO:PPSLT crystal is 2.85 pm/V under fundamental wavelength of
795 nm, which is comparable with the 3.2 pm/V in PPKTP crystal and
large enough than the deff in BBO and LBO crystal. As can be seen in
Fig. 7, a violet SH power of 0.37 mW at 397. 2 nm is generated for the
fundamental input power of 336.70 mW at 794.4 nm, corresponding to
the normalized conversion efficiency of 0.39%/(W·cm2) with periodi-
cally poled length of 9.2 mm. In comparison with the third order QPM
SHG at 400 nm in femtosecond laser-written waveguide of PPKTP
crystal (0.02 %W−1), [46] we have achieved much higher conversion
efficiency. Besides the higher nonlinear performance of SLT compared
to KTP crystal, we believed that the high quality of waveguide, i.e. low
insertion loss, nearly undisturbed waveguide core and high overlapping
between the fundamental and SH waves are also responsible for the
present high conversion efficiency. In addition, this conversion effi-
ciency is also higher than the bulk value (0.09%/W) of second-order
Fig. 5. Measured SH output power as a function of fundamental wavelength at a fixed temperature T = 170 °C in waveguide No. 8 with grating period of 8.96 µm. (b)
The near-field mode-profiles of second harmonic 399.2 nm and (c) phase-matched fundamental wavelength 798.4 nm.
Fig. 6. Normalized wavelength tuning curves of all of ten waveguides with different grating periods, corresponding to different QPM wavelength at a fixed crystal
temperature of 170 °C. (b) The calculated phase-matched wavelength as a function of period of domain inversion of bulk material. The ten circles denote the QPM
wavelength of ten waveguides.
Fig. 7. Measured second harmonic output power and corresponding conversion
efficiency as a function of the incident fundamental power of waveguide No. 8
at the QPM temperature of fundamental wavelength of 794.4 nm. The grating
period is about 8.96 μm. The QPM temperature of PPMgSLT crystal is main-
tained at 118.5 °C.
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QPM SHG at 325 nm in PPLT crystal and is comparable with the value
(1.2%/W) of first-order bulk QPM SHG in PPLT crystal.
Summary
In conclusion, the violet SHG has been successfully demonstrated in
PPMgSLT cladding waveguides fabricated by femtosecond laser direct
writing by using 3rd QPM. Ten cladding waveguides situate different
positions in the fan-out domain-inverted grating pattern, corresponding
to different poling periods. The insertion loss of all of ten waveguides is
below 1.5 dB. Based on these waveguides and a tunable CW Ti:sapphire
laser source, violet light of 396 to 401 nm is achieved by changing the
crystal temperature. Temperature and wavelength tuning curves of
SHG have also been investigated to find the optimal QPM condition. A
comparable normalized conversion efficiency of 0.39%/(W·cm2) is ob-
tained at 794.4 nm fundamental wave for 8.96 μm grating period with
0.92 cm interaction length. Our results show a frequency convertor that
can generate coherent violet radiation with high efficiency, opening up
a potential application as on-chip light source which can be applied in
the field of quantum information networks.
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